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Abstract 
The objective of this paper is to evaluate the crack propagation rate of the SAE 4320 steel carburized layer. For the simulation of 
a carburized layer, samples made of SAE 43XX were employed, varying the content of carbon from 0.20 to 1.00 %. Specimens 
were copper layer electroplated, and then, they were heat treated in a cycle of carburizing, quenching, and tempering in five 
different temperatures to expose them to the thermal effects without diffusion of carbon. The results of the microhardness for the 
steels and for the analyzed conditions are presented in this work. The curve of microhardness has the same profile of a carburized
layer for the SAE 4320 heat treated in the same conditions. The crack growth rates as a function of delta K for three tempering
temperatures are plotted and the curves are shown. These results show that when the hardness is high (at 200 ºC tempering 
temperature), there is a scattering of the curves and for the case of lower hardness (at 600 ºC tempering temperature), the curves 
are closer. With increasing of tempering temperature there is a decreasing of the hardness and a significant effect of the 
metallurgical condition of the resistance of fatigue crack growth. Furthermore, with decreasing of the carbon content there is a
very significant increase on the resistance of the fatigue crack growth. As a result of that, in the case of a carburized layer there is 
a raise of the fatigue crack growth resistance when the crack grows into the steel, from the surface (higher hardness) to the core
(lower hardness). 
Keywords: Fracture toughness; fatigue; carburizing; crack growth rate. 
1. Introduction  
There are huge volumes of steel parts carburized, quenched and tempered, for several applications, aiming high 
wear resistance combined with a core with high toughness. However, metallographic and microhardness 
examinations of the layers in the material, show that there is occasional presence of cracks. The lack of knowledge 
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about the behaviour of the material in a mechanical application due to the presence of these cracks causes the loss of 
the whole volume of parts to ensure the quality of the manufactured products in many cases. For the determination 
of the fatigue crack growth rate according to ASTM E647 [1], it is necessary to create fatigue cracks in the 
specimens with a length of at least 2.5% of its width and not less than 1.3 mm. This requirement restricts the tests to 
be performed only in metallurgically homogeneous materials (with no significant metallurgical differences along the 
fatigue crack propagation direction) in order to obtain good results. As a consequence, these tests cannot be 
performed in the evaluation of superficial structural modifications due to a gradient of properties or chemical 
composition, for instance. So, this standard is not applicable to the evaluation of specimens made of carburized steel 
due to its high chemical composition gradient in the surface under the minimum of 1.3 mm as specified by the 
standard. In many cases, the carburised layer has a thickness less than 1.3 mm and the analysis of instability of 
superficial cracks has a great complexity. 
There are many works in the literature with different approaches to analyse the behaviour of cracks and/or fatigue 
in carburized parts. Obata et. al. [2] evaluated the fatigue crack growth rate in notched specimens and gears made of 
carburized steel using Acoustic Emission (AE) technique. Kato et. al. [3] proposed a methodology to simulate the 
fatigue crack growth in a gear tooth made of carburized steel based on fracture mechanics. Nagamura [4] proposed 
an analytical method to fatigue life prediction in a gear made of super-carburized steel so that an intense superficial 
layer of carbides was formed on teeth. Cohen [5] studied the fatigue strength on flexure, comparing specimens made 
of SAE 4320 steel with square and round edges heat treated simultaneously. As a result of the gas interaction in the 
carburizing process, a thin oxidized layer is formed at the surface of the part; then, Preston [6] proposed that the 
presence of oxidized grain boundaries at the surface is a preferential location for the crack initiation due to fatigue 
and its subsequent growth. Genel [7] studied the effects of depth of carburized layer on the fatigue performance for 
the SAE 8620 steel, using quenched and tempered specimens in comparison with others carburized, quenched, and 
tempered, varying the carburized layer thickness by 0.73, 0.90 and 1.1 mm, obtaining fatigue limits of 840, 980, and 
1140 MPa, respectively. He also observed that the compressive residual stresses in the carburized layer reduce as its 
thickness is increased (he obtained stresses of –265, -220 and –200 MPa for 0.73, 0.90 and 1.10 mm of thickness, 
respectively). According to this observation, one should not expect that the fatigue performance would increase with 
very large carburized layers. 
Erdogan [8] studied the effect of the martensitic phase size in the tensile properties using specimens made of 
SAE 8620 steel carburized with 0.80% of carbon, with a dual phase structure in the non-carburized core. Reti [9] 
studied the compressive residual stresses in parts with carburized layers (or carbonitrited) and quenched. 
Another important study related to carburized steels and fracture mechanics was made by Larsson et. al. [10] 
based on the work made by Preston [6]. This author studied the fatigue properties after carburizing and verified that 
the fatigue limits were varying with the material hardness of the quenched core (with material hardness varying 
from 350 to 370 HV). Larsson et. al. [10] also modified the original Kitagawa’s diagram. 
This work proposes a methodology to evaluate the variations of the fracture toughness and the fatigue crack 
growth rate through the carburized layer of SAE 4320 steel. For this purpose, specimens obtained from different 
steels of the series SAE 43XX were used. The carbon content was varied from 0.10 in order to obtain steels from the 
SAE 4320 to SAE 43100. 
2. Materials and Methodology  
2.1. Manufacturing of the bars made of SAE 4320 and SAE 43100 steel 
An amount of 1000 kg of SAE 4320 steel was divided into pieces of 100 kg to be remelted in a Vacuum 
Induction Melting (VIM) furnace. Nine ingots with 100 kg each were obtained, varying only the carbon content of 
0.10% from the SAE 4320 to SAE 43100. The melting and the casting were performed under a vacuum atmosphere 
of 4 x 10-6 atm, obtaining such a material with very good quality as it can be verified in the chemical analysis results 
shown in Table 1, microinclusions and microstructure. 
The ingots with square section of 150 mm were homogenized at 1260 °C/8 hours to minimize the 
microsegregation and then hot rolled to a diameter of 41 mm, with an area reduction of 90%. Such reduction 
associated with the dynamic recrystallization during the hot rolling, ensure a very refined microstructure with the 
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total break of the brute melted structure and microinclusions redistribution, resulting in a good chemical 
homogeneity, distribution of constituents and fine grain size. The bars were annealed to a maximum hardness of 250 
HB and machined to a diameter of 40.0±1.0 mm. Then, this material was examined by ultrasound and Eddy Current 
techniques, verifying that there were no cracks, porosities and other kind of metallurgical or mechanical 
discontinuities. 
Table 1. Chemical composition of the steels 4320 to 43100 used in this work (weight percentage). 
(%) 4320 4330 4340 4350 4360 4370 4380 4390 43100 
C
Si
Mn 
Cr
Ni
Mo 
Al
W
V
Ti
Nb
Co
Cu
P
S
N
O2
H2
0.20 
0.24 
0.69 
0.79 
1.79 
0.24 
0.018 
<0.01 
<0.01 
<0.005 
<0.01 
0.010 
0.13 
0.006 
0.006 
0.0028 
0.0011 
<0.0001 
0.30 
0.24 
0.69 
0.81 
1.79 
0.25 
0.020 
<0.01 
<0.01 
<0.005 
<0.01 
0.010 
0.13 
0.007 
0.006 
0.0018 
0.0011 
<0.0001 
0.40 
0.24 
0.69 
0.80 
1.79 
0.24 
0.019 
<0.01 
<0.01 
<0.005 
<0.01 
0.010 
0.13 
0.009 
0.005 
0.0022 
0.0017 
<0.0001 
0.50 
0.25 
0.69 
0.80 
1.80 
0.25 
0.021 
<0.01 
<0.01 
<0.005 
<0.01 
0.010 
0.13 
0.006 
0.005 
0.0022 
0.0020 
<0.0001 
0.60 
0.25 
0.69 
0.80 
1.81 
0.25 
0.021 
<0.01 
<0.01 
<0.005 
<0.01 
0.010 
0.13 
0.006 
0.005 
0.0021 
0.0013 
<0.0001 
0.71 
0.24 
0.70 
0.80 
1.81 
0.25 
0.023 
<0.01 
<0.01 
<0.005 
<0.01 
0.010 
0.13 
0.007 
0.005 
0.0027 
0.0010 
<0.0001 
0.81 
0.25 
0.73 
0.79 
1.79 
0.24 
0.022
<0.01 
<0.01 
<0.005 
<0.01 
0.010 
0.13 
0.008 
0.007 
0.0017 
0.0012 
<0.0001 
0.90 
0.26 
0.67 
0.80 
1.80 
0.27 
0.028 
<0.01 
<0.01 
<0.005 
<0.01 
0.010 
0.11 
0.007 
0.005 
0.0015 
0.0012 
<0.0001 
1.00 
0.24 
0.69 
0.80 
1.80 
0.25 
0.035 
<0.01 
<0.01 
<0.005 
<0.01 
0.010 
0.11 
0.008 
0.005 
0.0012 
0.0020 
<0.0001 
The disk-shaped compact test specimens (according to ASTM E399-09 [11]) were machined by a machining 
center Mazak model Integrex 200Y HSM with 5 axis. The notch orientation is C-R parallel to the rolling direction, 
as shown in the Fig. 1. A total amount of 450 test specimens was prepared, and each 50 of them were made of each 
SAE steel from the 4320 to the 43100. The test specimens were covered with a copper electroplated layer of 10 μm
thick, in order to avoid carbon difusion during the heat treatment. The heat treatment was performed as follows: 
• Carburizing (controlled atmosphere) – 920°C per 180 minutes, air cooling; 
• Quenching – 840°C per 60 minutes; 
• Oil cooling – 50°C per 30 minutes; 
• Dual tempering – 200, 300, 400, 500 and 600°C per 120 minutes each one. 
The dual tempering was performed to minimize the percentage of retained austenite and avoid its transformation 
in martensite induced by strain during the fatigue tests. After the heat treatments, an incision of 1.0 mm in depth was 
made in the notch that was already machined, through Electrical Discharge Machining (EDM) with a wire diameter 
of 0.25 mm to facilitate the fatigue crack growth, as allowed in the ASTM E399-09 [11]. 
3. Results and Discussion 
The study made in this work involved 9 types of steel in 5 tempering temperatures which stands for 45 distinct 
metallurgical conditions. 
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3.1. Microhardness HV1 
The results of microhardness HV1 are given in the Fig. 2 and they show a good approximation to a distribution 
obtained for a real carburized layer with thickness of 1.5 mm. This result gives certain validity to the proposed 
model to evaluate the variation of the fracture toughness as a function of the hardness in the carburized layer. 
Fig. 1. Dimensions of the disk-shaped compact specimen, C-R orientation (all dimensions in mm). 
Fig. 2. Hardness path in each steel with tempering temperature from 200 to 600°C similar to the hardness path exhibited by a real carburized 
layer.
3.2. Microinclusions according to ASTM E45-05 method D (low inclusion content) 
The Table 2 summarizes the results of microinclusion ratings according to ASTM E45-05 method D obtained in 
low inclusion steel showing just the maximum quantity by type. It is possible to observe only thin sulfides and thin 
globular oxides. It was not observed other types/size of inclusions. 
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Table 2. Results of microinclusion ratings according to ASTMM E45-05 method D for the 9 types of steel analyzed. 
Sulfide Alumina Silicate Globular oxide Grade
Steel Thin Heavy Thin Heavy Thin Heavy Thin Heavy 
4320 1.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 
4330 1.5 0.0 0.0 0.0 0.0 0.0 0.5 0.0 
4340 1.5 0.0 0.0 0.0 0.0 0.0 0.5 0.0 
4350 1.5 0.0 0.0 0.0 0.0 0.0 1.0 0.0 
4360 1.5 0.0 0.0 0.0 0.0 0.0 1.0 0.0 
4370 2.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 
4380 2.0 0.0 0.0 0.0 0.0 0.0 0.5 0.0 
4390 1.5 0.0 0.0 0.0 0.0 0.0 0.5 0.0 
43100 1.5 0.0 0.0 0.0 0.0 0.0 0.5 0.0 
The non-metallic inclusions are undesirable because they reduce the fracture toughness by acting as 
discontinuities within the material which contributes to the fatigue crack growth. The coefficient of thermal 
expansion of MnS inclusions is higher than that for martensite and lower than the austenite. Thus, when the steel is 
quenched, the inclusions of MnS contract more than martensite, and therefore stresses involving inclusions are not 
created. However, the oxide inclusions contract less than the steel matrix during the quenching cooling, and the 
regions adjacent to them are subjected to a stress field reducing the fatigue limit of the steel. The stress and strain in 
the vicinity of an oxide inclusion are functions of its size, but those shown in Tab. 2 have a maximum diameter of 8 
µm and therefore they only have influence in the ultra-long fatigue life [13] and it is beyond the scope of this work. 
Chapetti et. al. [13] studied the fatigue behavior of high strength steels in the presence of inclusions and verified that 
the S-N typical curves for these materials have two distinct regions, one corresponds to the fatigue life in high levels 
of stress (this case of fatigue is related to the component surface), and another that corresponds to a ultra-long 
fatigue life for low levels of stress (in this case, cracks nucleate within the material and are associated with 
microinclusions). It is possible to estimate the ΔKth as a function of the microhardness HV using the inclusion’s 
radius denoted by Ri by means of the equation (1): 
( ) ( 1/33th i4x10 HV 120 3 R−ΔΚ = ⋅ + ⋅ ⋅ )max (1) 
The degree of cleanness revealed by materials can be explained by the criterion established by Eriksson [14] and 
in these steels the sulfide inclusions are expected to occupy 0.004 to 0.006% of the material volume and oxides from 
0.007 to 0.013%. It suggests that the metal matrix of all samples is very clean. As the level of microinclusions 
through the cross section is very low, it was assumed that the fatigue crack growth path would not be affected [14]. 
According to Chapetti [13] and Eriksson [14], only the oxide inclusions will influence the fatigue behavior of metals 
and it is necessary to point out some considerations about it. Table 2 shows that the maximum diameter of the oxide 
inclusions is about 8 μm and considering the microhardness HV values given by Fig. 2, the ΔKth values calculated 
by the equation (1) due to the influence of the microinclusions are below 10 MPa.m1/2. As the purpose of this study 
is not to determine ΔKth values, then this influence can be disregarded. 
3.3. Measurement of crack growth rates according to ASTM E647 
Figures 3 to 5 show the results obtained for da/dN x ΔK for nine types of steel and three tempering temperatures. 
It is verified that the slopes and spacings of the curves defined by the equation (2) varies from steel to steel between 
tempering conditions 
da
log m log log C
dN
= ⋅ ΔΚ + (2) 
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These differences observed in Figures 3 to 5 could only be detected due to low levels of inclusions in the steel 
produced in the vacuum furnace, the almost complete lack of banding and optimized distribution of carbides. It is 
verified that there are curves that possibly intersect each other at the region corresponding to the values of ΔΚ th. For 
lower tempering temperatures, the slopes of the curves increase with carbon content due to the increasing 
embrittlement of the steels. Hence, for the same value of applied ΔΚ , steels with lowest carbon content (4320, 
4330,…) will have lower rates of crack propagation (da/dN) than steels with higher carbon contents (4360, …, 
43100). 
Fig. 3. da/dN X ΔK curves for  steels from 4320 to 43100 tempered at 200 °C.
The important conclusion is that a crack initiated at the weakest surface may be delayed or blocked even when its 
length increases, because it has reached more tough regions where the slopes of the curves da/dN x ΔK are smaller. 
The analysis below based on Figure 6 allows to understand this proposition. At first, considering a cyclic load ΔK1
which is defined by the dashed line that intercepts all da/dN x ΔK curves, it is verified that the crack will have a 
stable growth at higher rates at a carburized layer which corresponds to the most brittle steel (43100). When the 
crack grows until a length which reaches a region that corresponds to steels with higher toughness, it is verified that 
its crack growth rate decreases until the crack reaches the region of higher ductility, where appears a lower growth 
rate. Another situation corresponds to a value ΔK2 >> ΔK1, represented by the dashed line that does not intercept 
some of the curves which corresponds to the more brittle steels (43100, 4390, and 4380 steels). In this situation, it is 
verified that unstable crack growth will happen at the beginning of the cyclic load, however, when the crack reaches 
a region that corresponds to the interception of the ΔK2 and 4370 steel lines, the crack will grow at a stable way with 
decreasing rates until it reaches more tough regions. These two situations may explain the reason why there are not 
many cases of fatigue in carburized steels even though their surfaces being extremely brittle. These considerations 
may be true, because of the millions of carburized components that are being daily manufactured for different 
applications such as automotive, aviation, etc. 
4. Conclusion 
The variations of the da/dN curves as a function of ΔK for tempering temperatures from 200 to 600 ºC, and their 
microhardness HV1 at the carburized layer, enables to measure deceleration or slowing of the crack growth for a 
given value of applied ΔK as the crack advances at the surface of the carburized layer into its core. This is observed 
by the decrease in the slopes of the da/dN x ΔK. curves. 
The slopes of the da/dN curves as a function of ΔK change depending on the metallurgical conditions. 
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Fig. 4. da/dN X ΔK curves for  steels from 4320 to 43100 tempered at 400 °C. 
Fig. 5. da/dN X ΔK curves for  steels from 4320 to 43100 tempered at 600 °C. 
Fig. 6. Illustration of a curve of carburizing or microhardness overlapped to the curves exposed at Figures 3 to 5. 
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It was also confirmed that the fracture toughness and the da/dN x ΔK slopes vary at a inverse proportion to the 
carbon content and microhardness HV1, indicating that the proposed model can be used to predict the fracture 
toughness behavior of the carburized layer. The crack propagation resistance decreases with the carbon content and 
hardness, indicating that a crack can be delayed when a higher KIC and lower slope of the da/dN x ΔK curve can be 
reached through its growth. This observation also justifies the difficulty of conducting fatigue tests at a stable way in 
carburized steels, quenched and tempered due to microstructural gradients that affect the fracture mechanisms at 
distances of about 1mm or less. 
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